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A STUDY OF THE ELECTRO-CEEMICAL CORPISION OF MAGNESIUM

N.D. Touashov, V.8, Komissarova and M.A. Timonova.

The iuferior corrosicn-resistance of magnesium and —*xnesium alloys
often seems & serious obstacle in the way of their wider use in a structural
design. Therefore & thorough study of the corrosion, and of methods for
protecting magnesium and its slloys, 1s a matter of first-line importance.
Worthwhile studies in the field of magnesium alloy corrnsion have been
carried out, in the Scviet Union, by a pumber of scientists at the All-Unmion
Machil:c Comstruction Institute for Avistion [1-4) and irn the Academy of
Sciences of the USSR {5,6]. The corrosion process in magnesium end in
magrnesium alloys is also being investigated by numerous scientists in other
countries [7-8]. Nevertheless, in spite of the extensive research material
which exists, there are still many obscure points invnlved in the mechanism
of the corrcsion of magnesium and its alloys.

In the present work, we bave undertaken to study the »schanism of

magnesium corrosion in sodium chloride solut‘ons principally under conditions

of anodic pclarization of the metal.

The great interest of studying the anod.. processes in particular, in
the corrcaiou of magnesiv~. arises frou *he following circumstances.

1) rathodic p=ocesses in the corrosion of megnesium, particularly 1i:
referred to the process of “wvd~ogen 1liberation on inclusiopns in the metal
and its alloye, may b- regarued as considerably better explained zshan the
ar-die process/. de mention, for example, Lhe inverse relationship which
V.0. Krenig and G.A. Kostylev [9) have established betveen +ha hydrogen
overvaltage on cathcde inclusions wnd the corrosive efficacy of these
inclusions. This relationship holds up well in the corrosicn of asgnesium
ir ~lectrolyte solutions.

2) The anodic processes in the corrosion of magnesium have been
comparat!vely little studied. Here we may menti_.n oniy the work of
V.0. Krenig and V.K. Uspenskaye [10], who established the existence of a
ne~w.ive difference-effect in the corrosion of megnesium and its alloys in
contact with other met-ls.

3) The degree of anodic control in magnesium corrcsion i{s qQuite
important as compared with other metals. According toc K.D. Tomashov's cel-
culations, if oxygen depolarizat’ on (corrosion in the stmosphere) is
accepted as the cathode process, then aunodic control ip magnesium corrosion
amounts to 351%, second only to anodic control 1n such easily passivized
metals as aluminum (46%), chromium (43%) and beryllium (39%). But 1f
similar calculations are made for magnesium corrosion under conditiocms cof




bhydrogen depolerization; which is usually the case in the corrosica of
magnesi s in g~lutions, thep the figure for anodic contro) becomes the
greater, being us much as 50%. Thus in magnesium corrosion with hydrogen
depolarization, the anode and the cathode processes play approximately equel
perts.

4) In conseque¢nce of the strungly negutive value of the -teady
electrode potential of magnesiuvm in solutione, as compared with the electrode
potentials of other constructional metsls and alloys, it 18 necessary, in all
compiicated designs involving different metals, to operate magnesium, and
magnesium alloys also, as anodes only.

If we regard the gtructure of a magnesium alloy as & multiple-electrods
galvanic system [11], then the anode role is always played by the basic
magnesium background of the alloy structure, while the strengthening additions
act as cathodic components.

5) 8tudy of ths anodic behavicr of magnesium is also of great interest
from the view-point of the ever-expanding use of msgnesium anodes in tech-
nology, both for purposes of protective shielding and sas new sources of
electric current (ir the electric battery imc stry).

6) On the scientific side, there is particuler interest in the
study of anode processes taking place on & magnesim electrode tharough the
existence of the above-mentioned phenomenon of a negetive differencs-effect;
that is, an increase in the rate of autolysis accompanying increase in the
anocde current density, a phenomenon wkich is a characteristic feature of the
?orgocian processes for magnesium {9, 10), sluminum [12,13] and their alloye
is;
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The Research Materials

Cur corrosion resesrches and electrc chemical researches were based
on a 0.5 NaCl eolution. 1. extensive uce of sodium chloride solutions
for corrceion studies is due to the fuci that in prectice *he majority of
actual cascs of corrosion in electrolytes have chlorine as the main
corrosion-sctive ion. Howaver, the use of pure Nall solutions would not be
entirely satisfactory in the present cese. In the corrosion of magnesium in
neutral solutions, the electrolyte pH -hanges markedly with tims (becoming
alkaling), wnereas, in order to secure satisfactory reproducibility of
co™-osich tests and to eliminate *he effect of change in the s~intion pH on
the electrode potentiais, it would be highly desirable to have the electrolyte
with a comstant pH.

The msintenance of & constaat value of tba slectrolyte p is possidle
if the experiments are conducted at a high rate of solution repewsl, but
experimentelly this is very difficult; however, it is Dot a complete cur:
for inadequate reproducibility, because of the considerable ol gredient in
the ismediate vicinity of the electrode surface (concentratios-polarization).
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Therefore we decided to employ buffered solutions.

However, a buffer 1or corrosion experiments has to be selected with
great care, since the effect of introducing the usual buffer solutions, well-
known in electrochemistry, is to cause a marked change in the corrosion and
to give results which it is difficult to apply to real corrosion conditioms.
On these grounds, we thought it most expedient to employ, for cur corrosiomn
solutions, the buffer properties of the corrosion products of msgnesium
itself. Given sufficiently good buffer characteristice, these soiutions
would, with constant electrolyte volume and a quite slow renewai rate,
be entirely in accord with the conditions of actual magnesium corrosion.

Accordingly we started by investigating the pH changes in a 0.5% NaCl
solution when magnesium corrodes in it. We used, for the purpose, techno-
logical magnesium, pure magnesium and, in part, ML-4 and ML-5 alloys, the
chemical composition of these metals being as shown in Table 1.

TABLE 1
Elements, in %
Al Zn Mn 81 Pe Mg
Pure megnesium 0.02 Traces 0.01 Treces 959.96
Technologiceal magnesium ¢.C9 0.13 0.02 0.02 c.012 99.73
ML-4 allcy 6.4 2.72 0.28 - 0.05 -
ML-5 &lloy .0 c.71 0.33 - 0.05 -

Electrodes of technologicel magnesium, pure magnesi:ua, and the ML-4
and ML-5 alloys were made up 1o rectanguler shape, 40 x 15 X 2 mm in size,
with s surface area of 14 cm’.

The test-pleces were cleaned with No. 000 sandpaper, degreased with
6% ethyl alcohol, dried off w!'+th filter paper, eand then kept fo 20 hrs in
the drler over caicium chloride, so tuat the conditions of formation of the
paturai oxide {iim were completely {denticul in ell cases and the state of
the surface was definitely determisnad.

- 000 -

Change of Soiution pH in the Process of !'agnesium Corrosion

A study wes made of the process of corrosion of techmological
agnegium (99.7%) in an 0.5% Nall aciution. The changes c¢f pH in the
solution during the corroaion process were obgerved.

As 1g well known, the corrosion of magnesium in continucus immersion
in chloride solutions rroceede, iu .ot cases, with hydrogen depclarization.
The only exceptions are the corroeion of mngnesiuwnm in Aiatfilled water or in
soluticns under ccnditions of varying immersion, and also under conditions
of corrosion in the stmosphere, where thc predominant form of depolarizatios,

-3 .




T

in tbe corrosicn of magnesium and magnesium alloys, is oxygen ilonization (15].
In the process of liberation of oxygen there takes place, on the cathode, an
accumilation of hydroxyl ions, end the electrolyte becomes alkaline, at first
on the cathodic regions and then, through diffusion or mixing, throughout the
whole volume /[of the electrolyte/. Thus it may be stated that the change of
pi offers uc a convenient means of judging the development of the magnesium
corrosion process in the initial stages.

We made pH messurements both throughout the whole electrclyte volume
(under conditions of mixing), using a glass ball electrode of speciasl elec-
trode glass, and slso in the inrediate vicinity of the corroding megnesium
pawnia wedar~ a ,:ﬂaue rmamhwapa a)antvAda The mzeasurerent set-up is shown
in Figure 1. The emf wa- measured relatively to a calomel half-cell, by
peans Of & caihvue tube potentiometer. The surface srea of the magnesium
sample in these experiments was 14 cm. The electrolyte volume was 150 cem’.

The variation of the whole-solution pH in the corrosion process is
shown in Figure 2, curve I. The pH, at first increasing rapidliy, resches 2
maxizmum in 3.5 to 4 hrs, and after that begins to decrease a 1little. Then,
in 8-10 hrs time, a constant pH value is established, equal to 10.2

approximately.

Calculations of the pH on tbe basis of the known equilibrium constant
¥ cf the reaction:

Mg(0H)o &Mc' Y + 2087,
K= [1ig™). [087)2 = 5.5°10

gives the theoretical equilibrium value pH = 10.34 for a saturated aqueous
solution of Mg(OH)2. The maximum in curve I of Figure 2 is at a slightly
higher value {10.6). This, 1t would seem, indicates some supersaturation of
the solutioe witn magnesium hydroxide beforv it tegins to be precipitated
out.

™e fincl sieady value of the pH (10.1-10.2) in curve I, however, is
somawhar Jower than tha aquilibrium value. 7This fact, in our opinion, is to
be expltingd Yy = .o isl neutralization of the free OH Yy atmospheric
carbon Mluzide. Vo decide this question, pH measuremente were continued
after ths <rw val 3. the corroding test-piecs from the solution. In Plgure 2,
curve II, the moment ~f withdrawal of the test-piece from the solution is at
the point marked 1; after this point, the curve goes downward (the pH
decreeses). Re-immersion of the test-piece (at the point marked 2) causss
the curve to ris® again, with the pE finally coning to the constant level
10.2. Characteristically in this case, the paximum due to the phenomencn of
supersaturation of the solutiocn is nc looger observed.

This experiment fully c- ifirms that the observed pi variation is due
to scae equiliorium Detweer the rate of forwation of 08 iloos Ly corrosion
of the megnesium and the rate of binding of these ions. To some degree wors-
over, in solutions cpes %o t* ~ir, *he OH {icn binding process involves, ip
sddition to the process «f ' 5 .ormation, a supplementary neutralisetion
dus t0 the sclutiocn'e abeort.oy XCp from the alr.




The rising branch ot the pH curve !n Figure 2 corresponds to a period
in which the rate of Od ion accurulation in the solution is grester than the
rate of neutralization.

When the solubility-product of magnesium bydroxide is reached (at the
very start, 83 we have sald, there also occurs a supersaturetion of the
solution), an inscluble film is formed; the rate of corrosion of the mag-
nesium declines end the rate of OH 4on formation Ascreases; a situation is
created in which the rate of the neutralization process becomes highsr than
the rate of the OH 1ion formation, end the pH falls.

Then an equilibrium wili be establishzd between the rate of the o)
ion foriation process and the rate of their neutralization, after which the
pH will remain practically constant.

When we compare the time-curve of pH variation (Flg. 2) with the
corrosion curve (Fig. 3) we see that corree onding to the first and sccond
intervals on the corrosion curve there is 'n interval of rapid pH increase.
Following this there is a decrease in the corrosion rate (the third interval),
corresponding to en iaterval of the rd curve in waich the rate of increa. e
slows down and the pH maximum is attained. Finally, corresponding to the
establishment of & constent corrosion rate there i3, at first, a certain fa.’
of *“he pH value end then the establiishment of & constant pH. The linear part
of the curve continues steedily for rany tens of hours, until the dimensions
of the test-piece ere visibly decressed by the corrosion. The establishment
of the constent corrosion rnte is due to an equilibrium between processes
accelerating the corrosicn {film destruction, accurmilation of catbodic
components) and processes siowing down the corrosior rate (formatiom of
magnesium hydroxide film).

The results of these studies have Gemonstrated the utility of
employing, for such corrosion testes, NaCl solutions bduffered by a preliminary
corrosion of cugnesium in them, until the pH is brought to 10.34.

Under conditions of corrosion tests in the atmosphere, and when the
surface sreas of the magnesium test-piec.s are not very large as compared
with the solution mirror, the pH will vary somewhat (10.2 to 10.] approximately)
in consequence of a certain peutralizing action by simospheric carton dioxide,
tut this slight pH variation is entirely negligible. Of course such sclutiocs,
before the cxperimente, should either be etored in vessels secured egainst
pecetration of atmospt ric carbon dioxide, or should always be kept with co--
roding magnesium in them. We chose the latter procedure.

In corrosion tests in neutral solutions of metals other thep magnesiunm,
the variation of the solution pH may be less, but it will nevertheless octur.
Therefore, {n our opirian, it would be correct to carry out corrosion tests
and electrochenical tests for & npusber of other metals, not Just {L neutral
sclutions of the chlorides, &8 bas been done up to now, but in chloride
soluticns buffered by the corrceion products of the metal in question, cor-
roded {n the solution until a more or less strble pi value is attained,
characteristic of each metal.
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Corrosion of lynesium and its Alloys in Chloride Soiutions

First we secured basic datea on the nature of the corrosion processes
end on the apount of corrosion in the absence nf any .-1ditioral external anode
polarization.

The curves of corrosion rate versus tirc2 which we obtained made it
possible not onliy to Araw conclusions about the character of the corrosion
process, but alsc to caiculate quantitatively the strength of the corrosicn
current. equivalent to the substance-rate of corrosion.

In our corrosion tests 7n magnesium and its ailoys, both those reported
in this section of our paper and those with external anode polarization
reported in the other sections, we chose to empleoy a voluretric index of the
magnesium corrosion reace (by quantity of liberated hydrogen), this dec:isic.
be.iicz based on the following concepts.

1) It is well krm that under conditions of imcersion in chloride
solutions magnesium, even when these is naotural acration of the solutions,
corrodes almost purely by hydro: en depolarization (oxygen depolarization
amounts to less than 1%). The exceptiona {(as has becen established by
K.D. Torashov and T.V. ‘atveyeva in reference [15]) are tuc corrosion of
magnesiun {in distilled water or the corroasion of rainesium under conditiome
of variadble irrersion: also in atmospheric corrosion. where the oxygen
corrosion may be cczparable {1 amount with the hydroges corrosiom, or even
exceed it. Consequently, under the selected conditions {complete immersion
of the magnesium in a buffered 0.5 MsCl solution), the quantity of liberated
hydrogen may be taken, with sdequate accurascy, &s & quantitative characteristic
of the magnesium corrosion rate.

2) The volumetric method is of great working coovenience, and also,
if une teaket into account tr» Aifficulty of rercoving the >gnesium corrosico-
products without removing tone metal itself (a difficulty due to the high
activity of the latter), it is a methcd of mxch higher precision.

S) A major sdvantege of the volumetric x=»thod is the possibility of
taking & who.e corrosion-versus-time curve for each individual test-piece.

For each test, five parallel test-pleces were set up. loreover, each
teat was car-ied out twice, for purposez of check.

The apparatus for the hydrogen liberation experirsnts was of the
ordinary kind, consisting of a tank, funpel and greduated test-tude. 1In some
of the lengthier tests & more sdvanced eudiocr»ter was empioyed, which permitied
the solution to be periodicaliy aspirated into the burette without lcss of the
Aydrogen libersted in the m :ntime (see Piz. 8).

The soluticm volume for each test-plece was 6CO ml. The t~cts were
~ooducted 2t & t:mperature of 23-25°C. Thc eurface arca and the preparation
of the test-pieces were the src2 a5 in the rescarch on the sclut.on p¥
variation in the ccrrosion proceas.




The corrosion-rate &tud, was carried out it en 0.5 soiution of KaCl,
previously buffered to pH 1C.2 by magnesium corrosion products. In additiom,
seperate experiments for comparison purposes were made in a nou-buffersd
0.5 NaCl solution. The reproducibility of the results which we obtained
in the several experiments may be regarded as Qquite satisfactory.

A study was made of the process of corrosion development in time.
The character of the corrosion at the atart of the teats and during the
first 10-12 hours was examined in particular detail. During this period
measurenents were taken every ten wm'‘putes; subsequently they were {aken
every hour. The curves obtained are shosm in Figures 3-5.

In the curve describing the (ime-development of the corrosdicn of
technoliogical magnesiu., four periods my be dictinguished:

1) The incubation period, in which there procesds e slow process of
corrosion ir pores already existing in the Tilm; this period lasts
10-15 min. (Begments 1 and 2 of the curve are shown sejarately in
Figure 3, on a magnified scale.)

2) The period of destruction of the film and accelerstion of ths
corrosion process. The duration of thnis period is 4-2 hours.

5) A period in which there is & certain decrease of the corrosion
rate (fror the second to the third hour).

4¢) The period of establishment of s constant corrvei-n rate (after
three hours).

This curve s in good agreement with the results on the pH varisatiocn in a

0.5% Kall solution coptaining corrodin; magnesium, as alresdy discussed
supra.

Plgare 4 is a graph showi:g the law= of variestion in tae
cormseion of pure and technologicsl mugnesium in 0.5% NaCl solutions,
h.fferei at pH 10.2 and unbuffered.

The curves permi: the foilowing conclusi~ns to be drawn.

1) In buffered solutions, as one might expect, .u¢ corrosica of
technological magrniesius proc~sds, in the initial pericd, at a somewhat
redured rate.

2j An incubation period is bserved both in buffered and in
unbuffered soluticos. But in the buffered soluticns, on e count of the
lomar {nitial rate of corros.icrn, the maxim;:m and corstant rate s
es:<bli~hed 8t & much later :ipe (mtter 18 hours). The curve in this
ceg= risee emc thly to the ~cnstant corrosion rate, without the charsc-
teristic bend .own by the unouffe: d solrticns 2-3 pours after the
tnitistion of the corrosion pio.*38.

3) Pure magnesium corrodes, as indead is to be expected, al a mxh
lower rete thap technologicsl miznesina.




The corrosior rate at each and e¢very moment 18 d«tevumined Ly &
complicated set of different and often oppositely pruceeding processes. Om
the one pand there are factors sccelerating the corrosion process: fcr
instence, destruction of the oxide film, the exposure of cathodic inclusiocns
with low hyircgen overvoluoges. (m the other hand there are factore inhibi-
tiug the corrosion procaes: the formation of stahle protective films of
corrorion producte, the crumbling off of active cathodic inclusions aund their
removal from the surface, the variation of the pd of the msd.ua, and so forth.

At the mouaent of 'te immereion in the electirolyte, the nmagnesium is
covered Yy & nstural cwide film having pores and with breaks at the sites of
csthodic inclusions. When the metal comes into contect with the electrolyts,
there takes plece & process of the metal's dissolvir ; through the pores.
There also taics nlace a procse. of the film's being broken down in its
weaker spots b the attackiny ions. Until the film is breached, we hsve the
iucubatiue perdod. A~ the film breaks down and retal passes into solution,
pew cathodic irclueicns ave uncovered; the total amcunt of cathodic areas
is tous increased, end since the cathodic inclusions are much more effective
then the film-cnihode {tue hydrogen overvoltage on them is considerably lower
than oo the film), it is guite clear that the rate of the corrosion process
increas#s. Tau support of the above statex2nis, we may adduce the figures
for the hLydrogs:: overvolitages obn various wetals in slightly alkaline solutions
of ¢.5% KeCl at a curreast density of 3 mA/em® [10].

Vclts
Pe 0.485
Cu .67
Al 0.865
Yg. oxidized 1.845
Mg, wetallic 1.855

¢ giw-down of the corrosion process can cnly be ceused by formation
of a fiix of correcicon products consisting of magnesium hydroxide or basic
salts of moro ccmplex type, which are insoluble under the experimentel .n-
ditions. The phencmennn of the initial inhibition of corrosion is not ob-
served, bhecacv2e the corrasita producte causing the inhibition ere being pre-
¢cinitated at wome distance from the electrode surface, or, in the case of
the non-vuffered solutione, bvecause &t the pH of 7.5-8.C which we have &t
tbe beginning of the experirent the torrosicn products are still soluble.
Thus eccording to Britton [15] the precipitation of rwagnesium hydroxide takes
place at e pH of sbout 10.

Thus when & naa-buffered 0.5% NaCl solut.on is used, we do not hsve
the conditions for the forzation of s stuble film of corrosicn products
caveble of noticeably iniibiting the corrosicu process rigkt from the start.
Thte means high rates of magnesium corrosion ir pen-buffc -cd sclutions during
the initial period of ection of the solution.

By the chaage of potential when the electrode is cleened oif, we may

Judge the degree of film vwrotection provided by the mugnesium corrosion
orocducts. Thus eccording to data in G.V. Akimov and G.b. Klark {17],
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messurement 0t the magneaium potential after cleaning off the film, versus
the potcntial of magpesium with the film intact, gave the following results,
depending on the solutica pH:

1) In an acid medium {0.1 n EC1l), clsanirng off the film produces
no noticeabvle change of poteutisal relative to the potential of wagpesium
with the oxide film.

2) In a peutrl medium (3% KaCl) there is, when the fiim is cleaned
off, a change of potential in the negative direction, amounting to
60"80 '!'\’.

3) In the alksline region (0.1 n NaOH) the potertisl changes, upon
cleaning, by 300-400 =YV in the negative direction.

Hence the protective properties of the film increase with increase of the
sclutiox pH in the corrosion process.

On the lipeer part of the curve the corrosion hes & constant rate,
& rate no? chinging with time. This period of the curve must be dus to an
equiiibriurc between the formation of & magnesium hydroxide (or magnesium
carbonate) film, & procecs irhibiting the development of corrosion, and the
destruction of the protective film, a process eccelerating the corrosioca.

The film destruction, with cousequent uncovering of new cathodic areas,
Ay proceed both through rupture of the film by hydrogen bubbles or through
eixple mechanical dieintegration in the corrosion process; also by way of
chemicsl or elcetrochemical breakdown (the solution process for the most
pert) of the film on the anodic areas, the iatter being effected by the
active ions of the solution (for instance, chlorine 1oms).

As for the corrosion of the !fl-4 and ML-5 alloys, both with natural
and with artificfal 7ilims (Fig. 5), here the corrosicn differs in character
frem that of pure and technological pagnesium. In the corrosion of these
alloys there is en incubction period of insignificant dureation, _fter which
the corrosion inerecses for 10-15 minutes, througzh film rupture; then the
formsation of protective layers of corrousion products, inhibiting corrosiou,
canses & slow-down iu the rate, which after 30-40 minutes becom2s practically
constent.

A fo:t which draws our ettention is that the corrosicn-resistance of
HML-4« and even of tL-5 is some tens of tire2s higher then that of technological
sagnesium. This is not due just to the presence of mangancse. For instance,
& Mg-Zn alloy also is more corrosion-resistent.

Questions in connection with the higher corrosion-resistance of
wmagnesiun-manganes  alloys hav> been investipated by V.0, Krenig,
S. Ye, Pavlov, N.l). Bobovnikov [2, 4] end by a ruwoer of foreign research
workers. OSome tutories exict re the mochenizwm of the effect of manganese
in incressing the corrosion-resistonce of a ragnesium glloy, ! it the matovity
of suthers exp.ain this phenomenon by th- bicher resistoence of & film of
manganese dihydroxide [Ma(OH)z] formed In the corrosion process on a
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magieslun-aanganese alloy, o8 comared with ths pretantive powsrs of the
corrosion-product fils on magnesium; 1t way alsc be supposed that Mo, when
it enters iato an alloy heving iron inclusions, strongly reduces the
sffectiveness of these inclusions by increasing the hydrogen overvoltege o
then.

The lower corrosion resistance of the ML-5 alloy es compared with Ml-4
my be explained by this alloy's greater content of sluminum.

The external appearance of the test-pieces also supports the ides that
the charscter of the corrosion is different in technological megneeium and
in the MlL-4 and ML-5 slloys. We encountsr the most dangercus "pitting”
form of corrosion in technologizel magpesium.

To be able to judge more fully the processes tsking place in corrosion
on the surface of the test-pieces, we also studied the time-variation of the
potential. The curves obteined are shown in Figure 6. PFrom the data it may
be seen that the potentials of all the alloys investigated are rendered more
fesvorable in the corrosion process. The strong improvement of the potential
proceeds for 2-3 hours, afier which it is gradually statilized.

Compariaon of the corrosion rate curves with the curves of the time-
variation of potentiel show that the improvexment of the potentisl during
the firet few hours of the immersion of the test-piece in the solution 1s
coonectod with the paralliel increass of the corrozicn rate, snd, consequently,
is due to the predominsting decreesz in the _2athode polarizability of the
corrosion system, for instance, through exposure and accumulation of new
cathodic inclusions on the surface of the alloy.

The subsequent stebilization of the ..tential indicates, nct thet cthe
accumilation of cathodie inclusiocos is b.¢ prolonged without limit, but
also that it is inhidbited, sppa—ntly .hrovgh weskening of ths union of ihe
cathodic particles witi the corrodipg surace and their removal from the
surfece by hydrogen bubbles or mechen’csl disintegretion, or through loss of
alectrical contact. A decrease of caihode efficiency with time mey also
take place through the cathodic areas becoming covered with precipitated
mgresivm hydroxids, as will be discussed infra.

After 2-3 hours of corrosion we get, in the majority of cases, &
constant pE value, a copatent rate of corrosion, and a comparatively small
varietion of alectrode pctential.

For the alloys tested undsr the given conditions, & more negative value
of the established potentiel correeponds to a lower corrosion-resistance,
83 may be seen from the curves. The only exceyption 1s pure magoesium, which
i8¢ characterized by a comperatively high corrosiocn-resistance st s ccasider-
able negative potential.

- oo -
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Study of l'arnesium Zorrosion with Applied Ancde Current

Here we are setting forth the principal results of our quantitative
experiments on the effect of the applied anode curreant on the process of
magnesium autolysie, which from the chemicsl point of view is similer to the
action of a cathodic coantact on msgnesium.

Ve studied: 1} The time-variation of the avtolysis with snode
curreat of constant density, and 2) the effect of different anocde current
densities on the autolysis.

A% our experimental material we used cast technological magnesium
of 99.7 purity. Thte test-pleces were made in the form of discs, 32 mm in
diameter and S5 mm thick. The working surface was obe base of the disc, with
an area of ¢.52 cm®.

The preparation of the test-pieces was carried out in the usual
manner, as described above. The test-piece was mounted solidly in a
plexiglass holder, hermetically sealed (Pig. 7). The design of the holder,
as shown, guaranteed a reliable contect and hermetic sealing, and wade
possible, if necessary, to use the gravimetric method of determining the
aitolyeis along with the liberated hydrogen determination; also to make
measurements of the electrode potentials or polarization characteristics.

To messure the quantity of liberated gas, & burette wae mounted over
the test-piece (Fig. 8). As electrolyts, a 0.5% NaCl solution, buffered at
PE 10.20 with corrosiun products, wesa employed.

All the tests were carried out in a thermostat at a temperature of
25° ¢t 0.2°C. In sll cases the cathode was platinux. The immersion of the
test-pisces into the solution was effected with the current flowing. Fach
test weas repeated not lecs than three times. The general agreement o>f the
results obtained by the hydrogen determination method may be regarded as
satisfactory.

The ancde current was supplied by a storage battery through a circuit
perxitting the voltage to be regulated as necessary. This method made 1t
possible to study the anode process whil - excluding the effect on it of any
time-verying cathode process which would occur with contact between the
magnesium and different cathcde metals.

We investigated first of all the time-rate of the magnesium sutolysie
process &t several densities of the anode polarizing current, from 0.2 to
50 mA/em?.

It was found that for ali the current densities studiea the autolysis
rate remaing constent, if the gshort initial induction period is ignored.
Figure 9 shows graphnically the resulte of these experiments. The relation-
ship found for the amount of sctual corrosiorn of the minesium anode
(aatolysis, es de¢fined by the volume of hydrogen liberated over the mag-
nesium electrode) lines up very well with a linear tiro2-dependence relation-
ship for all the current densities investigated. JIn Table 2 we show the




steedily established autolyaiz rates for the magnesium snode, expressed
in ailliliters of hydrogen libverated over the electrode.

The data in Tadble 2 make evident the direct -elstion between enode
current density and sutolyeis rats, for the magnesium electrode.

TABLE 2

Final Steady Autolysis Rate for Magnesium Anode {in ml of Hydrogen
Liberated per ca? of Over-All Surface of Magnesium Electrode per Hour),
at Different Current Densities.

Current density Autclysis rate, Mg ancde
ml Hz
(wt fem ) (o)

0 0.022

0.2 0.044
0.5 0.33
1.0 0,53
2.0 1.04
10.0 3.65
20.0 7.50
50.0 16.°0

Fgure 10 1s a graph of the dependence of autolyzis on current
density, constructed from the data in Figure 9 and Tsble 2. Asc we see,
there i¢ a linear relationship between the amourt of eutolysis and the
denaity of the externally spplied current over a ride range of curreut
densitizs (excluding the very sumall densiiies, cmmepsurate with the cor-
rosion current of non-polarized magnesiur). Therefore we must iudubitably
¢~clude that the application of the anode current causes sn activation of
the magneesium electrods, and an increase in the rate of actusl corrosion
proportional to the applied current deneity (& negative difference effect)
ovar & wide range of current densities.

A highly interesting qucstion is whether this acceleration of pro-
tective film destruction by the manode current is en irreversible process or,
on the contrary, wiether afrer removal of the an.le cur.ent a process of
renewal (healing) of the protective film will spontaneously occur, with a
consequent decrease in the autolysis rate.

To answer this question, a special experir-nt was conducted. For a
period of taree hours, which corresponds to the establishment of the constsat
Tete of hydrogan liberstion, the sutolysis process was cbserved without the
ancde currexnt applied. In Pigure 11, the part of the curve corresponding
t0 this process is segweant I, which indicates that after & certsain decel-
eration, ths sutclysis rate becomes comstant.




Then an anods current of density 0.5 mA/cu® wes epplied to the
test-piece (Fig. lla), and the process of magnesium Gutolysis was obeerved
for a period of 2 hours. After application of the current, the autolysis
rate ircreased, and soon re-established itself at & constant level. The
increased rate of sutolysis is shown by the steepening of the slope of
segunent II in Figure 1ll. After thie, the applied current was egoin removed
(FMig. 11b), whereupcn the sutolysis rate immeGiately tagsn to fell and in
time became constent once more (eegment ITI), at a rate approzimstely equal
to that which it had at ‘he start, without the anode swrvent spplied
(segment I). Thus we have to conciude tbat the surfecs of the test-piece,
in the sense of its corrosion behavior, cam return to .ts cviginel, iess
active state; that is, there takes nlane & "aealing” of *iw dlsrupted areas
of the film.

The fermation of the protactive film after remuvel cf the anode
current sonsists not only in the sealing off o7 the ective cathodic e%¢
anodic erees by the insoludle corrosion produits (magresius nydrx14s)
forzed from the metel by secondary processes, dut also may procesd By lireot
chemical 5r electirochemical intersction of mignesium with ovvgen d4is¢dolved
in ths water, or even with the oxvgen of the water.

-m-

Study of the Chersster of the Local Corrosice of Magnesium
vith e Applied Anods Currest

it is well known that magnesium, s & rule, ochows a clearly
oext 22804 loca. type of corrosion, with formtiocn of deep sorrosict=ui ders
(pits). But the ch-recter of those ulserations is strosgly dependent both
cn the character of the metal or alioy and oo the circumstances of the
90" "00ion yrocess (for example, the ccocemvration of 3otive chlorine iops).

In .ne present work we inves-i=ated the effect of ancde -~urrent
denaity -5 the clharwster of tha losal corroeiocn of technologisul magnesium.
Ve determined the oross-sectiocmal ares of the corrosiom ulsers, their dspth
and tieir ~x* tion as related to time, at constant applied currest
dezsity (0.5 mA/on®) and, in some experiments, tix effect of different
ourvent densities wi*h equal fooulowd] quantities of slectricity passed.

After exposure of the test-pieces to the corrceive dath under the
proper gonditions, and sfter removal Of the sorrceicn produsts, thié surfaces
of the test-pieces were sudjected 0 nareful examinatics.

¥With 8. Ye. Pavlior's micrometer (13), the deptha of the pite were
measured with & reoision of up to 0,01 me. I» caloulating the deptihs, the
mean of six arbitiary seusivemeqts vas taken.

The calsulation of thw pumber of pite and tdeir cross-seltional
ared :as hendied by photographing the test-pieces with & suitalle megnifics-
tice, according to the sizes of the pits.




In order to obtain a high-co: trast photograph with sharper definition
of the boundaries of the individual pits, a paste of carbon black in grease
was rubbed over the corroded surfaces of the test-pieces, which were then
carefully wolished.

i.18 procedure gave the best contrasting boundaries for the corrosion
ulcers apd made possible a quantitative determination of the aresa of each

ulcer by planimetry of the photographic print.

The count of the pits was wmade from the photographs. The areas of
the individusl pits were measured with the planimeter, and the total arca
of the local corrosion was found as the sum of the individual arees.

The measured data op the kipetics of the corrosion ulcers at a
constant current density of 0.5 m. 'cn® are set forth in Teble 3. Figure 12
shows photogrephs of the test-pileces after anode polarization, and Figure 13
gives the curves characterizting the growth of the pits with time.

As we sse, the depth of the corrosion pits increase with time
according to a certain attenuating curve. With passage of time the rate of
increase of depth, and also the increase in the cross-sectional ares or meen
d1: eter of the pits, becomes smeller.

It is charscterietic thst at constant ancde current density the
pusber of corrosion pits remains conetant for quite a long time (Figs. 12
sand 13, 3), arA only thereafter gradually decreases. The decresse oc urs
because neighdboring cevities coms 6o close to each other that after a certain
interval of time they merge.

Yor a current density of 9.5 mA/cm®, the process begins after 6 how s
and proceeds with seximum inteneity for S hours; after that it continues,
but with reduced intensity.

As the “mean nominel area” of & pit, we take the result of dividing
the total ares of pitting by the original number of pits (179); that is,
without taking into considersticc the decresse in the pumber of pits through
toe merging which cccurs ip protracted periods of corrosico.

Btarting from the total sree of the corrosion pits and tLe pumber
of pits, we calculated the ares of a single pit. Taking the area of a pit
as the area of ¢ circls, we calculated the radius. Comparison of the redius
thu? found with the depth permits the conclusion that the depth of each pit
and the redius Of its ¢roes-ssction in the plane of the test-piece surface
nave idactical retes o7 increass.

2. any given moment the depth of a corrosio: pit is evpreximetely

#mal to the radius of the cross-sectiocn scd, consequently, the ares of the
pit is proportiomal to the square of the uepth {Teble 3).
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TARLEY S

Growth of Corrosica Pits on the S urface of Techn~logical Magpesium,
with an Anode Polarizatica Current of Density 0.5 mA/ca’.

Total aree

of pite (am? Caleulated

per ca? of Mean srea of Mean nominal Messured redius of

Exposure No. of pits test-piece individual pit area of ipdi- depth of susrfece of
(nrs} per cu® surface) {m?) vidusl pit ==®) pit (sm) pit (sm)
F4 170 3.45 0.0192 0.0i92 0.081 0.078
4 179 9.49 083 G.053 0.181 0.130
6.5 176 14.65% 0.0832 0.082 0.192 0.163
9 124 25.15 0.21 0.140 0.2% 0.260
16.7% 133 32.90 0.2¢7 0.183 0.326 0.280

The equality of the radius and depth uof the pit indicates an
approximately uniform direction of growth of the corrosion ulcer, and perwuits
us to assume that in general the configuretion of a pit is roughly hemis-
phericel, and the sree of the pit at the test-piece surfece roughly a circle
(the section of a sphere along a great circle).

This nominal determination of the pit configurstion is, of course,
not yet adequate for any exact calculation of the area of s pit.

Even in the case that the general shapz of such & pit is
macroscopically close to hemispherical, the microscopic topography of its
surface will, because of the crystaliographic structure of the dissolviog
magnesium, have & strong.v featured character and the surface ares will not
be an entirely determinabie guantity.

However, if we take the degree of microtopographic roughness of
the surface for a given crystallographic structure of the test-piece as
approximately constant, and irdependent of the size of the pit, tken
it may be stated that the true surface of the pit will likewise increase
proportionately with its cross-sectional &rea, or ... what amounts to the
same thing ... proporticnately with the disceter of thy pit or its derpth.

On the basis of purely weometric cotions it follows, from these
consideratlions, thst the growth of & pit ip depth will be proportiocnal, at
a constant autolysis rate, to the cub< .oct of ithe time (r = ka?), while the
growth of 1ts area will be proportior=al to the cube root of the square of the
time (F = k¥r?).

Analysis of our experimental curves for the growth of a pit in
depth and cross-sectional aresa {Fig. 1%, > and 2) show that to & certaino




An interesting fact appears from the experimental data. The autolysis
rate for magnes.ux (calculated from the hydrogen liberatiom rate) is constant
in time (for & given current density), in spite of the fact that the area
undergoing corrosion, within the pit, is ~ontipuslly increasing with time.

This interesting fact may be explained in two ways.

First, it may be suppreed that the whole area inside the pit is &
simultanecusly active, diesolving surface. In this case there will be, with
a growth of ihe pit proportional to the increase of its total dissolving
surfece, & decrease in the true anode current density, and, proportional
thereto, a decrease in the autolysis rate per unit area of the active surface:
that is; the decrease of autolysis resulting from decrease in ths true
current density will be exactly compensated by the increase in the active
surface sree, and thus the total autolysis rate for the test-piece wili not
change with time.

B8econd, we might suppose that the true area inside the corrosion
pit 1s not all active surface at one and the saze time. In this case we
By make the liXs.y assumption that the active dissolving surface does not
Gepend on the totai area cf the pit, but is determined only by the anode
current density (per unit area of the over-all surface of the magnesium suode).

It seems that the second mechanism, as previously established by the
researches of N.D. Tomsshov and V.N. Modestova (12] on the anodic dissclving
of sluminum in chloride solutions, should be considerel the more probable for
tke ancdic 4issolving of magnesium too.

It was of interest also to trace the effect of the anode current
dansity oo the cbaracter of the corrosican-pit formstion process. Of course,
cosparison of the characteristics of pits at different anode current den-
sities nekes sense oxly on conditica .hat the total amount of magnesium
corroded is the same. It was with ttis principie as our starting-point that
we carried out a e2ries of observations, obeerving tae character of the locsl
corrosion on the wagnesium ancle after polarization with different Aensities
of current, but decreasing the time of exposure in such & way .nat the product
of time by current density, tiat is, the quantity of electricity which passed
through unit ares of the ancds surface, remained constant. This quantity of
elsctricity ves equal to 0.0375 A-brs per test-piece, or 0.0083% A-hrs per
cn® of the test-piece surface, since ihe working surface aiva of the test-
pisce wae ¢.5 om™,

Ve studied, under these conditions, the character of the corrosion
Rits waich formed: t(he pumber of suwh pits per unit area of the over-ell
surface cf the test-piace, their depth, the 'otal cross-seciional area of
pitiing in tue plane of the test-pisce surface, the cross-sectional ares of
esch pit, and its Zpproximste configurstion.

The procedurs for determining the dapth and area of ihe corroeion
pits bhas been duscrided adove.
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The character of the varistion of local corrosion ot the magnesium
anode, in relation tc current demsity, for equal quantities of electricity
transmitted, is illustrated by the photographs of the %est-pieces, Yigure 14.

All the measurement data, demonstrating the fundamentslly regular
relstionship between growth of corrosion pits and density of applied anode
current, are given in Table 4.

TABLE ¢
Charscter of the Corrosior Pits Forwmed 1 the Anodic Folsrizstion of
Tectoologicsl Magresiua by Curreat of Different Deasities and Egual
Quantities of Transmitted Klectricity (0.00833 A-urs/ca’).
Ruaber of
corrosion pits Total area of Mean measured Meax calculated
Currest  per ca? of over- corrosica pite Mean ares deprb of redius of
dmut; all surfece urea per cn? of test- per corrosiom corrosiom corrosion
(mA/cm®)  of the test-piece  piece surface (ma®]  pit (m”) pits (mm) pits (wm)
0.1 17 13.5 0.754 0.52 0.49
0.2 52 2¢.0 o.723 C.45 0.48
0.5 116 42.0 0.562 0.3 0.34
1.0 181 56.0 0.310 0.24 0.3
2.0 286 66.2 0.258 0.19 ¢.28
20.0 6% 75.0 0.084 0.9 0.1¢

The adduced erperipental date clearly indicate the entirely definite
relationship of the number of corrosion centers to the anode current demsity.

With increase cof the current density, there i+ & marked incresse in
the pumber of corrosion pitea, and also ip their totsal crosas-section, while,
on the other hand, the deplh and cross-sectiocal area of each individual pit
decreases.

Under the conditions chosen {that is, equal amounts cf trensmitted
elactricity) the quantity cf mngnesiux corroded off was constant, Io fact,
the total axount of oagnesium is made up of two components: 1) the Quantity
cf anodicelly dissclving magnesium, proportional to the quantity of trenamii:ed
electricity in accordance ~ith Paraday's equivalent, acd 2) the quantiiy of
pegnesium corroded through processes cf anode a.-0lysis. The latter quantity,
%8 we have showm, {s directly proportional ¢o the current density. However,
since under the conditicones chosen {copstant smount of transmitted electricity)
the expogure time ir inversely proportional to the current density, ther,
consequently, the total quantity cf megnesium corroded by the autolysis procese
8180 remairs, under these experimental conditions, ccastant end independeczt
cf the current density.




F o

The increase in the pumber ¢f corrosion pits which develop with
increasing anode current density may be explained as follows.

The destruction of the protective film first takes place in its
weaker areas. Obviously, the higher the currer* denuvity, that is, the highsr
the positive potential applied to the anode, the greater the surface areas
over which the film may be destroyed and, consequently, the grester the area
in which corrosion centers may develop.

The increase in the number of corrosion centers with increasing
current density will (under conditions of their approximately constant con-
figiration and identical totzl amount of corrosion) of course mean a decrease
in depth and area of the individual pit. The total summed area of ail the
pite will thus increase. The character of the corrosiocn becomes, one might
eay, more unifora with increase of the current and, on the other hand, more
localized ~ith decrease of the snode current.

Analysis of the experimental data shows that for current densities
that are not too hign (up to 2 wA/cm?) the number of active points (corrosion
pits) developing 1is approximately proportional to the logsarithm of the current
density (Pig. 15). Caly at cousidsradbly higher cuirent dzasities (of the
order of 10-20 uA/cn’) do active centars develop in greater numbers than would
follow from this law.

It is characteristic that just as soon as corrosion centers develop
the corrosiocn process localizes itself at these points, pr. _ucing corrosion
pits; &3 @ rule, formstion of new corrosion centers will then no longer take

s~e with this anode current density.

In these experiments it was also confirmed that the calculated mean
redius of the cross-section of the corrosiorn pit (taking ites configuration
as hemispherical) for fairly low current dezsities (up tc ) mA/cm? approxi-
mately) is near tc the experimentally =easured corrosion-pit depth (Tadble 4).
Conseguentiy, at these curreot lensities a corrosion pit, once it appears,
will grow i{n roughly equal measure both in depth and in width, thus yro-
ducing & general pit-configuraticn close to the hemispherical,

n the cther hand, at higher current densitiees {for instance. at
20 nAfc:') the cross-sectionsl area cof the 1.t is spproximately ‘wice as great
a8 its deptd; that is, at large anode currents the pit will bexin to increase
predominantliy in width. Thus at high current donsities the corroslion prcess
acquires an increasing tendency to pas? ‘rom a local phenomencn into & ~eneral
phencmencn, both wiih respect 1o thes pusber of centers developing and with
Tespect Lo the characteristics of their groeth.

ol -
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Effcct of Cathods Structural Corponents

on the iagnesium Autolysis Process

The principal, most active cathode admixiures in technoliogical
magnes‘a are iron, nickel, copper ard certajn intermetallic compounds of
these elements with magnesium {19].

It is of intercst to elucidate the accelerating effect of cathodic
structural components on the corrosion of magnesium in neutral chloride
solutions.

To determine the operative efficacy of microcathodes on the surface
of corroding magnesium, we performed the follouwing experiment.

Copper was deposited on the surface of one magnesium test-piece
from a solution cf 15% CuCl + 0.8% HCl for a period of one minute; on
another test-plece, for a period of 20 geconds. Tbus the first fest-piece
bhad approximately three times as much deposited copper es the second. The
autolysis rates for these magnesium test-piecee, in an 0.5 NaCl solution
buffered with magnesium corrosion products ard with anods polarization and
a current deusity of 0.5 mA/cm®, were compared with the autolysis rates of
the =ape test-pieces under “he sare conditioms, but withcut <he Aeposits of
copper. The results of the »xpe. .pent are shown in Figure 16.

During the firnt few miputes the dissolving rate of tue test-pleces
with the copper were co 3iderably higher (5 to 8 times higher, depending on
the quantity of deposited copper) than the disso.ving rate of tne ordinary
magnesium tesat-piecea. Put! thereafter, it spite of the fact that the autolysis
rate remaing practically constant for the ordinary magnesium ter*-pieces, c.he
initial aut :lysis rate for the coppered test-pieces decressed grea“ly with
passage of Lime, establiehing itself et & constan: level only after 3-4 brs.
This finsl steady rate of autolysis is then no longer very differsnt from that
of the ordinary magneeium test-plece with no copper o it.

¥With steady cocnditions established . Lhe autclysis rate of coppered
amgnesiun test-pleces is 2 to 1.2 times higher than the ¢ 1tolysis rate of
ordipary magnesim {(dependingz on the emount of deposited copper). From thi
experiment it foilows that the effectiveness of cathodic particles depusit
on the sur:ace of maguesiunm diminishes very rapidly with time.

Evidactly this happens for the following two reasons: 1) st points
of active 4istolving of mamesium {corrosion pite) the deposited copper is
sizply scaled Off bty mechanical disintegraticn ard is rexoved from the suriace;
2) op areas where there 1s no corros‘au, the cathodic particlea lose their
efficacy through being coversd and tiocked by magnesiux corrosion products.

Thus we havs tc conclule that under conditicos of ccrrosion in w
peutral chloride solution (which ie in fect egquivalent to corrosion 1o a
weekly alkaline =modium, on account of the magnesium corrocion products) the

& t ~e o ¥+ 8 & 5 < e IR P, N 2 - ] T
statiiity in time of tne microontioawde sction will 3497eg sideratly as
-~ - e e d o ~ ~ 3 s - . i ‘,A_, Y I3 &
crxpared wiinh mamesius dierclvir in an acdd mxilum. ey id sralutics
+* md A~ v o I . LE s - , - 5 h] . . i - M
tle micracailivdes reey elfective Jor zuch longer Io neutral or slialine
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mea.a the efficacy of the cathodes decrcases rather rapidly in time, through
the blocking of their surfaces by magnesium corrosion products.

It is worth notiny that in the corrcelor of magnesium in neutrel or
& ksline solutions the cathodic componenteg which enter into the composition
of 2 metallic alloy and are not depnsited -n the surface, as i our case,
will keep their efficiency to a grester degree. This follows, for instence,
from comparison of the corrceicn rates for technolegicel and pure Tagonesium
{Pig. 4). In this case & sealing off and blecking of microcathodes will also
occur, and therefore in principle the efficacy of the cathodes will Le lowsr
vhen the corrceion takes place ix acid solutions. But if the microcathodes
are o structural ccmponant of & metallic alloy (and not deposited on the
surface) then instead of cethodes eeparating from the surface there will be,
in the corrosion zone {the surface ipside the corrosisn pit) new active
microcathodes continually appearing in the corrosion zone, issuing from the
alloy structwic, &8 the corrocion process moves forward.

Evidently each density of cwrrent will have corresponding to 1t &
certein quantity of actively operating cathodes, becsuse of en equilibrius
betwecn the rate of uncovering of new cathod2z and the rate of remsval or
vealing off of old microcathodes.

Thue grester current density mesns a greater quantity of active
cathodes,

-o-%-

lecuesion of the Results

1} We have este“lished that in the corrosion of magneeium or its
elloys in & neutral NaCl solution, the pH of the solution is rapidly dis-
placed to the alkaliine side, vecoming steady at pH 10.2, clcse to the valuz
10.534, which i& the pH calculated from the equililrium constant of the
reaction -

Mg(CH)p &Mg ¥ + 2.7,

The zlight departure of the pH from tne theoreti~~l .alue mzay; on
the baais of =xperiments carried out, be explaincd by the neutralizing action
of ataespheric carbon dloxide.

Ye have expressed the opinion that 1% wculd be sxpedient to cani;
vat ¢lectrocnemical experiments not in neutral chloride sciutions, ss is che
sccapted procedu.., but in chloride solutions nreviously buffered to constant
M by the corrosion products of the m2tal being studied.

2} We have studied the corrosion ol technologictl srd pure
magnesiun, and 2len that of wagnceium elloys ML-4 and -5, in an 0.5% NaCl
golution. For technological! mornesium, an initially sorewhat reduced
corrosis~ rats was fouad to we characteristic (the incudation parind),
Jollowrd ty & gradual acceicration duc to ine effect of cathodic admixtures
accumiating on th2 surfoce. For the PML-4 and ML-5 slloys, on the other
hand . ¢ somewhat greater corrosion in the initial period wus found to be
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charactrristic, with a certain decrease of the corrosion rate in time, Aduas,
apparently, tc the gretual formmtion of more of the protective fils.

TABLR 5
8tecAy Corrosion Rates sud Potentialp of ¥esmesjum end ite Alicys, ia
0.5 Mall Jolution Previously Buffered tc pH 10.20 with Ng Corrosion Products.

Corroeinz rat.. (oumber of al Pinal stesdy potentisl
of hydrogsn libdereted per cm® wWith respect to 1 m.
Metal or slloy of test-piice surfece per hour) hydrogen electrode (V)
Pure megnesium 0.08% -1.307
Techiological mignesium 0.2 -1.320
-4 alloy G.0114 ~1.248
M.-~5 alloy ¢.024 -1.268
ML-5 alloy, oxidired 0.006 1,240

It 1s cheracteristic that pure magnesium has a consideradbly lower
gteely corr~sion rate than technological magnesium. Put the ML-¢ and ML-5
sagnesium slloys slso show themselves much more resistant than techaological
magunesium,

The messured electrode potentials of the alloys im a 0.5% HaCl
solution show, after a few hours, characteristic stesdy values. Alloys which
are more corrosicn-resisvant as compared with techrnolcgical wegnesium cor-
respond, in general, to more positive elactrode potentiais; and the more
resistant alloys (ML-5 and especially ML-4) in the oxidized state do indeed
exhibit a less negative potentisl.

This behavior must be comnnected with an ipcreasing inhibitfca of
the anode process as we go from technological mmgnesium to ML-5 alloy and
then to ML-4 alloy and oxidized ML-4. Anodic inhibition, as is well known,
will displace the potential of a corrosion-system to the positive s#ide and
eimiltaneously reduce the corrosion rate [5, 20-22]).

However, in the traneition from technological magnesium to pure
magnesium the stable electrode potential becomes more negative, whi’le simul-
tapeously the corrosion r.te decreeses. Thus, undoubtediy, 13 cornected with
the basic increase in the cathodic inhibition ¢ the corrosion process as we
g0 toward rure magnesium (due to the small qumntity of ~athodic inclusions).
It is well known that a predominant incresse of cothodic inuibitions [5, 10,
J4 and 15] will ceuse a cecrease of ~orrosior with simultaneous displacement
of the total measured potenilal of the corrosion system toward more negative
values.
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3) Study of the effcct of anode polarization on the corrosion of
e magncsivm eleatrode has shoun that the pure corroaion, that is, the
autolysis rate of the electrode (after dcductior of the purely anodic dis-
solution corrcsponding to the current pacsed), considerably increases with
incrense in the wnode current density. Thus, for instance, the autolysis
rate of technclogical wognesium, at the maxirum investigated current density

of mA/cf, spounts to 16.8 E—m—g—l—ﬁ (oy hydrogen). If we compare this figure

with the awount of pure corrosion for magnesium under the seme conditions
but without any spplied cu -ent, naxcly 0.022 E?n-.f-z.%—hrf-, then ic is cbvious that
et an anode current density of S0 mA/cma, the amount of pure corrosion hes
incrzegsed 764 times.,

Over the wide range of current demsities investigated (from 0.5 to
50 mA/ca®), excluding emall currents commensurable with the corrosion eurrent,
the autolyeisz rute is nicely proportion=l to the =n_.s current density
(Fig. 10). 1In tbis region of current densities we have, for ‘.<chnologicel
magnesivm under the conditions investigated, a constant ratio of 0.82 (82%)
bz.¥een the autolysis current snd the externally applied arode cturrent. Thus
for each 100 perts of magnesium dissolved by the anode current, a further
82 parts of magnesium are dissolved by the process of autolysis (the negative
difference effect). If we compeare the amount of auzolysis for alumipum in
spproximately the seme current density interval, an amount which, eccord
to the resesarch findings of N.D. Tomashov and V.N. Modestova [1.25, is 13.
oi the amcunt of amcde dissolution, then we have to conclude that the amount
of sutolysis (the amount of the negative difference effect) for magnesium
considerebly exceeds the amoun. for aluminum. Consequently the amount of
useless dissolving of a wsgnesium protective electrode or magnesium battery
gnode will da much higher thar in the case of aluminws, unless special steps
are taken to eliminste tbis phenomenon. From this 1t followe that in contacts
wag-esium and, it seems, maguesium alloys, will suffer from corresion much
more than sluzminum end a_uminum &lloys, even with identical external currents
in ths contact sircuit.

The mechaniem ¢f the preportiomality established between magnesium
avtolysis #od snode currsnt demsity, or (es we mey look at it if we wish)
the proportionality betwsen sut/lyeis and the smount of snode current passed
through the test-piece, connot yveu be regerded as definitely explained.

To sccount for this phenomenon (the negative diffsrence effect), both
chemicsl and slectrochemicel mechanisme may be invoked. In both cases the
increase of sutolysis is relferred to ® proportionsl increase in the active
surfacz of the electrode by tas anode current's destroying the protective
film, with & sudsequent scceleration of the chemical intersction between
the active surface and water (in the chemicel view) or an incresses in the
sctivity of new microcathodes on areas of the electrode surfece stripped of
protective fi.m by the action of the anode current. In the electrochemical
view of the negstive difference sffect, & view which seems tO us the more
prbable, we may suppose, in the same way e&s has been established by
To shov and Modestove [12] in the case of the negative difference effect om
aluminum, thet the microcathodes are constituted not only by micro-inclusions
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ir the alley; tut alec to A great extent by areas of the metal itself (in this
case magnesium) adjscent *o the dissolving ciystallographic face (toe anoce)
and which migrate with the migration of the anode face in the soluticn process.

Support for this thesis may be found in the fact that even pure
magnesium exhibits the phenomenon of accelersted autolysis undsr conditions
of anode polarization in chloride solutions. Consequently there are grounds
for believing that processes of magnesium autolysis occur eves iz the sbsence
of foreign inclusions snd [Ehat they mmlvg ar indepenient, purer cathodic

phese /of the magnesium/.

Thus in the electr~hemical view of the negative difference effect
(scceleration of autolysis with increase of anode current) we have to believs
that the cacvodic areas may be sreas of the segnesium itself, areas having
the thinnest protective film. Areas becoming thus cathodic are, it seems,
parts of the magnesium surface directly adjacent to the active anode areas as
the latter advance in the solution process (Fig. 17).

¥With this mechsnism, the amount of the active caihodic surfece is
proportionsl to the amount of active anodic surface (or, if this is comstant,
to the rate of movement of the latter over the surface of the electrode

through the dissolving of magnesium).

Since the area of the active anode sur®ace (or the rate of its
displacement) is proportional to the anode cwrrent, we can understand that
the cathode efficiency aiso will be directly preportionai to the density of
the applied current. This fact will indeed guarente¢ a linear relationship
betveen the autolysis rate (rate of hydrogen liberation over the magnesium
anode) and the current density.

The amount of active cathodic surfece is in dynsmic equilibrium with
the amcunt of active anodic surface, or, what smounts to the same thing, with
the ancde current density. When the =node current density is iucreased, the
active anode surfacz, and the sctive cathode surface which dspends on 1t, will
incresse in amount; when the current density ie decressed, the area of ective
anode and cathode surface decreases proportionately.

This is well supported by the experiments which bhave demonsirated
the reversible increase (or decreass) in the autclysis rate with increase
{or decrease) in the anode current density. We mmy suppose that wher the
snode current is decreased the active anodic and cathodic surfaces are
reversidbly 4iminished; they are healed over by the passiviting action
(forxation of protective film) _f tha oxygen disaclved in the electrolyte,
or ever directly by the oxygean of the weter.

Study of the distribution of iocal corrosion under conditions of
anocde polariretion givees grounds for the statement that not all the surface
within the carrceion pit is simultanecusly active ancdic surfasce. The cavity
of the corrcsicn pit is nothing more than a place where the active anodic
surface (the dissolving crystallographic face) can advance, in the course
of its dissolviug. The more solid protective film on the rest of the sur-
face dues not, under the constant conditions of the experiment, permit the
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dissolving active face to emerge onto the surface, and thus the dissolving
procese is localized inside the corrveion cavity.

Conclusions

1, When magnesium corrodes in a neutral, stmospherically sersted,
0.5% HaCl solution, tne solution pH moves toward the stable value 10.2.

2) It i expedient to carry out researches on electvochemical
corrodion in chloride eolutions previously buffered to constant pH with
carroeion products of the metal under investigation.

3) The corrosion of magnesium in an 0.5% NaCl solution proceeds,
after a certain ircudbation period, almost linearly in time.

4) The metals investigated may be arranged in the following serie:,
sccording to the decline of the corrosico rate which they exhibit i{n an
0.5%-m KaCl solution: technological magoesium - ML-S alloy - ML-4 alloy -

pure magnesium.

S) The electrode pctentials »f the metals investigated show, in e
0.5%-m NeCl solution, et first s certain improvement, tending, ucwever,
toward a stable value. According to the value of the negative potential,
the mstals studied may be arranged in the following aeries: technological
mgnesium - pure megnesium - ML-5 alloy - ML-4 alloy - oxidiszed Ml-4 alioy.

6) The sutolysis rate of magnesium, for all anode current densities
studied (from 0.2 to 50 mA/cn®), stays proportional to time, thrcughout all
the intervals investigated (up to 17 hours).

7) The rate of magnesium autolysis increases in a lineer ratic with
the increese of anode current density. For 0.50 NaCl solutiocn. the ratio of
autolysis current to externally epplied anode current is constaut, asd squal
t0 0.82 in the case Of technological magnesium.

8) Tas incresa. of magr=-:ud sutolysie with increase of anode
currest may be explained by lzestruction of the ;iutective oxida film on the
wagnesium, through facilitation of the process of chlorine ion penetrsation
into the film, or adsorption ¢ ” chiorine ion on the film, when the
slectrode potential .s displaced to the wc.itive side by increase of *h~
anods current denaity.

9) When tha anode current is decreased or cut off, the autolysis of
maznsRiug decredses; ooneegusntly there ia a reversible "healing” of the
active surface areas thiough passivizs.ion of the pagnesium My the reactics
Ga the metal with watsr.

10) Upon incresse of tie auode current, the numier of corroeion
ceuters (pits; on the n.gnesium anods i:x«ueo. For current decsities wnich
are not too high, the number of ~orros!_; centers increasc. proportionscvely
to the logearithm of ihe current demsicy.




11) The number of corrosiocn centers which develop in the first
instant when the current is applied to the magnesium anods remains constant
in times, s0 long &s the current density does not change.

12) "or anode densities which are not too high, the genersl econ-
figuration of the corrosion pit is close to hemispherierl. At higher cuzrsnt
densities there appears & greater teandency for ths corvosior pit to grow in
width (transition to & more uniform corrosion of the electrods).

13) The true snodic surface of the magnesium electrode, the surface
which i3 in process of dissolving at the given momer., is, we suggest, pro-
portional t¢ the current density and is independert of imcresse in the total
surface area of the corrosion pit.

14) The autolysis rate for megresium is proporticoal, we suggest,
to the area of the trus active anodic surface.

15) The principal active microcathodi: surface of anodically
dissolving magnesium is the surface of the magnesium itself; in areas
covered by & thinner passive film. These areas ar: dirsctly adjecent to
the active anodic areas, moving with thewm as they are displaced by dissclving.

16) Under conditions of corrosicu in neutrs) (alkaline) BeCl solutions,
the efficecy of cathodes (Cu) artificiuliy implanted on the magnesium surface
diminishes rapidly with time, mainly *hrougk taeir being covered over by
magnesium hydroxide.
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Pig. 1. Measurement of piH

with glass electrode. 1 -

Glass electrode. 2 - Connecting
siphon. 3 - Calomel half-cell.

4 - Yeston cell. 5 - Vacuum tube
potentiometer. 6 - Intermediate
vessel. 7 - Electrolyte, 0.5 NeCl.

8 - Magnesium test-piece. 9 - Membraune.
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Pig. 2. vVaristion of pi in 0.5 MeCl

solutior {n presence of corrcding

mgnesiunm.

I. Without removal of test-pieca

from solutiom.

II. Test-piece removed froa sclutiom
after 18 bours (1) anod then
re-smorsed {(2).

[V T




nl

g /

L) [}

: w i =

Elﬂ 7

e ,/ 1

. oo 7

= - s » —> i

% 2 o -

° % | "W ¥ min

*.’”ufll I AN
{ & /

& Time hrs

Fig. 3. Time-variation of corrosico of
technologicsl megnesium in pon-btuffered

J.5% NaCl solution (according to hydrogen
l1iberated)
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Fig. 4. Time-variation of coricsion
of pure and technological wagnesium
over a pericd of 48 hours {according
to hydrogas liberated).
Pure mespesium: 1 - in 0.5% RaCl
solution. 1' - im 0.5% MeCl solution
buffered to pi 10.2.
Technological magvesius: 2 - in 0.5%
#aCl solutioca: 2' - in 0.5% Nall
buffered to p¥ 10.2.
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Fig. 5. Variation of corrosion

of MlL-4 and ML-5 alloys, over a

period of 5 days.
M~4 alloy: 1 - in 5% NaCl
solution: 1' in 0.5% HaCl
solution buffered to pd 10.2.
ML-5 alloy: 2 - in 5% RaCl
eclution: 2' - in 5 RaCl
sOlution tuffered to pH 10.2.
ML-4 alloy, oxidized: 3 - 0.5%
NaCl solution: 37 - in 0.5% NaCl
buffered to pH 10.2
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7ig. 6. Tims-varistioc of potential

in 0.5% EaCl solutiom.
1 - Pure magnesium: 2 - Technological
magnesiun: 8 - Ml-4 alloy: 4 - ML-5
glloy: 5 - ML-4 salloy, axidized
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Plg. 7. Mounting of test-piece

in plexiglass holder.
1 - Test picce, mrmesiua disc.
2 - Ruhber ge~i. - Screvw -~ap
of plexiglass holdr~. 4 - Bz~
of plexiglass ho.de. 5 P A-
glass tu. =, 6 - Covpesr [ -wire.
7 - Bress spsing contect. 3 -
lead-wire solzered to contact,
9 - SBcrews sscuring zontact-spring
t0 pusxigiass ]lier.

F'g. 8. General view of

¢ peratus for determining

. pe2ium corrosion rate.
1 - Thermostat. 2 -
Mixer. 3 - Tank. ¢ -
Suppert. 5 - Burette
for collec’ing hydrogsen.
§ - Magoesium teat plece.
? - Therxmeter,
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Fig. 9. Time-variation of sutolysis iate of magnesium
electrode for different s-ode current densities.
Current density {mm/cmz}: 1 -0, 2-0.2;, % 0.5;
¢ -1, 5-2; ~.10; 7 -20; 8 - 50.
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Pig. 11. Tize-varistiocn of autolysiz process, megnesium
slectrode, with spplicetion and removal of emode currsut.
8) Apoda current 0.5 mA/cm?
b) Currept switched off.
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Fig. 17. Charscter of local corrcsios on technological
magaesium (growth of corrcsicn cevities) with passage of
time, poisrizetion, anode curren. of G.5 wh/ow®. Magnified
15 tigwes,

Duration of polerization of test-pileces {hnurs):

1 .2;,2-4%, 5-6.5 4-9; 5 - .2.5.
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Fir. 13. Growth of corrosiom pits
in tioe, at constext current demsity
0.5 mA/cn®.

l - Avee of pites on surface;

2 - Corrcsion-pit depthk; 3 -

Husber of corrosion pits.

Pig. 14. Burface appearance of megnesium tes.-pieces safter anodic
polarizstion with currenta of various densities, but with equel
quantities of slectricity trucsmitted.

Curren, density (mA/em®): 1 - 0.1; 2 - 0.2; 3 - 0.5;

4 -1 $-2; 6-10; 7 - 50.

&

Lol T



PInat s

g . :
Pew ‘
o’ ’
’
O::w s
o B
o0
> [ 4 -f § of
O ? - - e - i
= AN Y Tt

Fig. 15. Relation between number of
corrosice centers and anode current
density.
& - Simple plot; b - Semi-logarithmic
plot.
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Fig. 16. Time depsndence of sutolysis

process with anode polarization, iur

paguesium electrodes with different

amounts of cathodic components. Cwrrent

density 0.5 mA/om?.
1 - Hagnesium electrode plated with
copper for ome minute. 2 - Magnegium
electrode plet~d with copper for twenty
geconds. 3 - Magneeium electrode without

copper deposit.
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17. Diagrum of anodic

lving of wagnesium.

AA - Dissol.ing fece

(anode surface), displaced

es it dissolves, as indicated
by the arrow; KK - Zone
edjacent to anodc surface has
thinner passive film than re-
maining surface (M), and pleys
the part of the besic cathode.
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